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We developed an agent-based gastric simulator for a human host to illustrate the within host survival me
chanisms of Listeria monocytogenes. The simulator incorporates the gastric physiology and digestion processes
that are critical for pathogen survival in the stomach. Mathematical formulations for the pH dynamics, stomach
emptying time, and survival probability in the presence of gastric acid are integrated in the simulator to evaluate
the portion of ingested bacteria that survives in the stomach and reaches the small intestine. The parameters are
estimated using in vitro data relevant to the human stomach and L. monocytogenes. The simulator predicts that
5%-29% of ingested bacteria can survive a human stomach and reach the small intestine. In the absence of
extensive scientific experiments, which are not feasible on the grounds of ethical and safety concerns, this
simulator may provide a supplementary tool to evaluate pathogen survival and subsequent infection, especially
with regards to the ingestion of small doses.

1. Introduction

Listeria monocytogenes has been widely studied in immunological
research and public health over the nine decades since its discovery by
Murray, Webb, and Swann in 1924 (Murray et al., 1926; VάzquezBoland et al., 2001). Because of its high case fatality rate and im
plication in outbreaks of foodborne illness, the Gram positive bacterium
continues to be a concern for public health and the economy (Buchanan
et al., 2017; CDC, 2018; Farber et al., 1996; Foodnet, 2017; PHAC,
2018; Pouillot et al., 2016). With a 20-30% death rate and 92-99%
hospitalization rate, L. monocytogenes ranks among the top deadly food
pathogens (Buchanan et al., 2017; CDC, 2018; Mead et al., 1999).
Pregnant women, elderly people and immunocompromised individuals
(e.g. infected with chronic diseases) constitute more than 90% of those
susceptible to L. monocytogenes infections (CDC, 2018). Understanding
the key infection mechanisms of L. monocytogenes is useful for prior
itizing prevention methodologies and reducing the burden on public
health.
L. monocytogenes usually enters the host along with food through the
mouth to the gut and intestine. From there, it can travel to the liver,

spleen, brain (and to the placenta of pregnant women) through blood
vessels (Lecuit et al., 2001). In addition to direct transport via the
blood, they can also be transported via lymphocytes. Researchers have
described various molecular mechanisms of L. monocytogenes including
how this pathogen moves from cell-to-cell, survives and proliferates
with-in cells, and escapes destruction inside phagosomes (Artis, 2008;
Cossart, 2011; Vάzquez-Boland et al., 2001). L. monocytogenes is a
model bacteria for studying the molecular mechanisms of intracellular
parasitism given its virulence factor associated with the hemolysin
gene. Furthermore, L. monocytogenes studies have provided a funda
mental understanding of the role of cellular immune response via ac
tivated macrophages for cell-mediated immunity and the elimination of
intracellular pathogens (Artis, 2008; Vάzquez-Boland et al., 2001).
On the larger scale, the impact of contamination of food with L.
monocytogenes has been studied using quantitative microbial risk as
sessment (QMRA) tools (Buchanan et al., 2017; Falk et al., 2016).
Substantial research has been dedicated to elucidate dose-response
relationships and to identify the ID50 of L. monocytogenes for various
subpopulations (Buchanan et al., 2017; Farber et al., 1996; Haas et al.,
1999; Pouillot et al., 2016; FAO/WHO, 2004). Taking a slightly

different perspective, Rahman et al. recently proposed a mathematical
model to describe the infection pathway (from ingestion to colonization
of the small intestine) in guinea pigs (Rahman et al., 2016). This was
one of the first studies to quantitatively link L. monocytogenes dose-r
esponse outcomes to the pathogen-host interaction in the gastro-in
testinal path of the infected host. These studies, together with feeding
trials (Farber et al., 1996; Roulo et al., 2014; Smith et al., 2008), can
provide critical information for the hazard characterization stage of
QMRA (Buchanan et al., 2017; Farber et al., 1996; Pouillot et al., 2016).
Molecular research in conjunction with outbreak findings can pro
vide insights into the public health impact of listeriosis. In particular,
the quantification of pathogen growth under a wide range of varying
conditions relative to susceptible hosts is important for identifying the
risk of infection. Understanding the with-in host growth mechanisms
and pathogen-host interactions could be helpful to reduce the infection
burden through risk management. The growth kinetics of L. mono
cytogenes have been extensively studied in multiple media with con
trolled environments (Blanco-Lizarazo et al., 2016; Schvartzman et al.,
2014). However, the with-in host growth and host-pathogen interac
tions that translate to the success or failure of human infection are not
yet understood. Due to the ethical concern of direct scientific experi
mentation on the human population, studies mostly focus on animal
exposures. Given the importance of accurately quantifying infection
risk and the limitations of human experimentation, we proposed an
agent-based simulator that mimics the gastro-intestinal pathway of L.
monocytogenes and its survival probability with-in a human host.
Note that agent-based models consider the individual behavior and
interaction of agents (e.g. bacteria, immune cells, etc.) in the environ
ment in an independent manner. The impact of environmental stochasticity and randomness of interactions of agents allow the model to
predict more realistic scenarios. As opposed to traditional statistical and
equation based methods, the agent-based approach more adequately
captures the complex spatio-temporal interactions of the subjects under
consideration (Warrender et al., 2006). This is important for modeling
pathogen dynamics in the gastro-intestinal tract which is highly in
tricate. As pathogens move along the digestive tract they interact with a
dynamic environment enriched with acid, bile, enzymes, microbes and
immune cells (Ohland and Jobin, 2015; Schulze, 2006; Soybel, 2005).
Considering such environmental factors, pathogens may adopt multiple
evasion strategies to survive in the host. Their survival as well as their
potential to cause subsequent infection depend on the multiple inter
actions of the pathogen with the host's agents. In particular, we foresee
the developed agent-based simulator as playing an important role in
scenario analysis regarding the consumption of low pathogen doses
along with the effects of repeated doses, the distribution of pathogens
within a given meal, the impact of various food matrices, etc.
To organize the manuscript, we described the stomach physiology
and digestion process in Section 2. The development of an agent-based
simulator for L. monocytogenes for host-pathogen interactions is de
scribed in Section 3; within this section we also defined some key
functions that are integrated in the simulator; in Section 4 we illu
strated the possible outcomes of the simulator and demonstrated the
sensitivity and significance of key parameters. Next, in Section 5 we
discussed the outcomes, outlined the applications of the simulator and
identified the caveats and possible developments of the simulator. Fi
nally, in Section 5 we highlighted some recommendations of potential
experiments to fill data gaps especially in the context of development
for the simulator.
2. Physiology of the stomach and the digestion process

2.1. Physiology of the stomach

The stomach is a flexible sac whose shape varies with food intake.
Generally, a human stomach has a volume of about one liter which can
be reduced to as little as 80 ml at empty state (Kong and Singh, 2008;

Fig. 1. A typical shape, structure and regions of a human stomach (Organ,

2019).

Mudie et al., 2014). Functionally, it can be divided into 5 major regions:
the cardia, fundus, corpus, antrum, and pylorus (Fig. 1) (Soybel, 2005).
Food enters into the cardia through the esophagus. The fundus, the top
portion of the stomach, stores the undigested food and gases. The
corpus, also known as the body, is the largest part of the stomach and
contains partially digested food. The antrum contains the alkaline-secreting epithelium surface. It is a narrow passage for stomach fluid that
move from the fundus to the duodenum. The pylorus is the small, end
region of the stomach connected to the duodenum by the pyloric
sphincter.
The stomach has three major tissue layers: beginning from the
inner-side they are the mucosa, sub-mucosa and muscularis externa.
The mucosa consists of the gastric glands. It is covered by a layer of
columnar epithelial tissues. The gastric glands secrete gastric juices
containing acid, bile salts, and digestive enzymes. The sub-mucosa
consists of dense connective tissue that support the mucosa to move in a
flexible manner. Blood vessels, lymphatic vessels, and nerves run
through this layer. The mascularis consists of smooth muscle fibers that
spiral around the tract.
The fundus relaxes as food and liquid enter the stomach to allow
them into the fundic pouch. The solids continue to move along the main
stream towards the pylorus. Peristaltic waves originating from the
stomach wall mix the food bolus and force them towards the pylorus
(Kong and Singh, 2008). The primary electrical pacemaker, which lies
on the greater curvature of the stomach, initiates the waves (Soybel,
2005).
2.2. The digestion process and gastric motility

Food-flow in the stomach is regulated by a series of contraction and
expansion processes (Schulze, 2006). As food enters into the cardia
through esophagus, the gastric juices secreted from gastric glands pe
netrate and dilute the food bolus. The stomach acid (HCl) initiates
protein digestion by activating pepsinogen that also secretes from the
gastric gland. Acid enhances the absorption of minerals, calcium and
iron (Howden and Hunt, 1987). In addition, stomach acid plays a
crucial role in killing food pathogens from the stomach before they
move to the small intestine. The proteolytic enzymes pepsin and lipase
break down proteins and fats. Eventually, all food particles are broken
down into small pieces so that the small intestine can absorb them or
break them further into digestible molecules. During mixing and
breaking, the stomach contents continue to flow towards the pylorus
due to the contraction and expansion of the stomach. The pyloric
sphincter relaxes and allows the resulting chyme to move into the
duodenum. A human stomach takes about 1-3 h to complete the di
gestion process.

2.3. Simulator integration
While the physiological process of food digestion is complex, the
survival of a pathogen in the stomach is dominated by a few key factors
such as the stomach pH and the stomach emptying time (SET) (Ohland
and Jobin, 2015; Bornhorst, 2017; Rahman et al., 2016). To estimate
the survival of foodborne pathogens and simulate meal intake, we only
included the following characteristics: (i) meal in-take and movement,
(ii) the geometric shape of the upper GI-tract, and (iii) a pathogen
killing mechanism dependent on the pH level in the stomach. In the
simulator, we outlined the geometric shape of the GI tract so that the
ingested food and pathogen follow the specific route. The stomach is
embedded with a motility function so that the ingested contents move
through the stomach with a speed set via the SET. The gastric pH level
which is subject to SET is monitored by a pH scale (function). Finally,
the gastric component is equipped with a pathogen killing mechanism
on the basis of the pH level.
3.

An agent based simulator (ABS) for a human stomach

We developed an agent-based simulator for a human gastro
intestinal tract to describe pathogen dynamics using AnyLogic software.
The simulator is outfitted with the major aspects of the gastric com
ponent of the gastro-intestinal pathway of a human host to account for
the interactions and survival mechanism of ingested pathogens. While
the simulator could be adopted to other types of pathogens, the survival
parameters estimated in Section 3.4 are relevant to L. monocytogenes.
The following basic assumptions for the simulator are described in
this section. The simulator replicates an ‘eating’ event, initiated with a
meal consisting of food contaminated with pathogens entering the
mouth. The meal was considered to be divided into a number of por
tions. As a meal usually consists of different types of food, not all food
portions may be contaminated. Pathogens can be present in some food
portions of a meal or they can be distributed among all food portions
uniformly. Each food portion contains a certain number of pathogen
colony-forming units (CFUs). The food portions are consumed at an
equal rate during the ‘meal time’ (MT). The MT could vary widely, e.g.
from five minutes to an hour. After consumption, the food portions
move from the mouth to the stomach through the esophagus. A food
portion travels from the mouth to the stomach within 5 to 10 s.
Therefore, release of pathogens from contaminated food portions was
only considered to occur in the stomach.
Pathogens move through the stomach along with the food bolus at a
particular speed, described in Section 3.3. While in motion, bacteria are
killed due to stomach acid as described by the survival probability (see
Section 3.4). The stomach acid or pH level, which is highly dynamic,
changes subject to the contents of the stomach, as described in Section
3.2. Within the simulator interface, the color of stomach changes from
clear to light yellow for low to high pH values (see Section 4).
Upon survival in the stomach, pathogens move into the small in
testine and continue moving along the digestive tract. A portion of
pathogens will attach to the wall of the small intestine and the re
mainder will follow the path to the large intestine. The small intestine is
a relatively favorable environment for pathogens in terms of acidity;
however, pathogens are subject to attack from host immune cells. For
more details regarding pathogen interaction in the small intestine see
(Rahman et al., 2016) and the references therein.
3.1. Simulator in AnyLogic
The food portions, bacteria, and different immune cells can be
treated as agents (Macal and North, 2010). However, since this paper
focuses only on the stomach component, the immune cells and their
behaviors will not be discussed. In terms of the current focus, the GI
tract was divided into different ‘areas’ and ‘paths’. The space markup
library was used to create a 2D simulator of the GI tract based on the

human digestive system (Schulze, 2006; Soybel, 2005). In particular,
the geometric structure of the gastric pathway was built using splines so
that pathogens are restricted to stay within the boundaries and follow
the gastric route. A typical simulation begins with consumption of food
portions described by an ‘event’ function. As food portions are con
sumed, they move to the stomach ‘area’ at equal time intervals obtained
by dividing the meal duration by the number of food portions. Agents'
movements were characterized using a combination of AnyLogic's pe
destrian and process libraries. Agents' behaviors and interactions with
each other and the environment were modeled using AnyLogic's ‘state
chart’ functions. Upon arrival in the stomach, bacterial pathogens are
released and distributed in the stomach area randomly. Bacteria spend
a few minutes to several hours in the stomach following the SET as
described in Section 3.3. Note that the bacteria spend time in the sto
mach as defined by a triangular ‘delay’ function. When the ‘delay’ is
over the bacteria move from the stomach towards the small intestine.
Before running the simulation, a user can define and change parameter
values including: the number of food portions consumed, number of
bacteria per food portion, the initial pH level, the maximum pH level,
the bacterial killing rate in the stomach, and the meal portions that are
contaminated by bacteria.

3.2. pH dynamics in the stomach

Acidity is the major determining factor for pathogen survival in the
stomach (Brandl et al., 2007; Koseki et al., 2011; Zhu et al., 2006). The
pH level of the stomach varies significantly according to both the MT
and SET (Russell et al., 1993). Our simulator considers the pH dynamics
of the stomach to account for the pH-dependent pathogen killing. In an
empty stomach the pH level typically ranges from 1.3 to 1.7 (Dressman
et al., 1990; Russell et al., 1993). The pH level increases upon food
consumption to reach the maximum (5.5) in about 10 min. The pH level
remains high for the remainder of the meal time, then declines ex
ponentially during the SET which is about 1-3 h for a human host
(Hellmig et al., 2006; Vasavid et al., 2014). The temporal dynamics of
stomach pH can be described by the following function

(3.1)

Here ipH is the initial pH of the stomach at time zero or before food
consumption. The pH increases linearly at the beginning of the meal
and reaches the maximum pH level (maxpH) in maxpHT time units then it
remains constant for the rest of the meal time (mT). When a meal intake
is completed the pH level drops exponentially (Dressman et al., 1990)
down to epH at the end of the SET (eT), typically 2 h after the start of the
meal. Ideally epH and ipH are equal. All of these parameters could vary
significantly from host to host. Baseline values as well as respective
ranges of these parameters are listed in Table 1. Fig. 2 illustrates the pH
dynamics in the stomach following Eq. (3.1) using baseline values from
Table 1 as inputs.
3.3. Bacterial movement through the stomach

Pathogens are assumed to move along with food in the stomach
towards the small intestine. Pathogens are killed in the stomach at
dynamic rates, subject to the varying pH levels of the stomach. The
travel and timing of food particles in the stomach is characterized by

Table 1

The parameters of the pH function.
Parameter

Description

Baseline value

Range

References

ipH

Initial pH
Maximum pH during meal
Time for pH to reach the maximum
Stomach pH when it becomes empty
Meal duration
SET

1.5
5.5
10 min
1.5
30 min
80.5 min

[1.3, 1.7]
[4.5,5.5]
[5, 15]
[1.3, 1.7]
[5, 60]
[40, 150]

(Dressman et al., 1990; Russell et al., 1993)
(Dressman et al., 1990; Russell et al., 1993)
Assumption
(Dressman et al., 1990; Russell et al., 1993)
Assumption
(Hellmig et al., 2006; Vasavid et al., 2014)

maxpH
maxpHT
epH

mT
eT

to other studies (Brandl et al., 2007; Saucedo-Reyes et al., 2012; Zhu
et al., 2006). On the other hand, Davis et al. found that 108 cfu of L.
monocytogenes reduced to 103 in 30 min at pH 3.0 (Davis et al., 1996).
To express the survival probability of L. monocytogenes in terms of pH
levels, we fit the bacterial survival data (Davis et al., 1996; Koseki et al.,
2011) to an exponential function

Fig. 2. Baseline stomach pH during food intake and digestion described by the
function (3.1). The parameter values associated with this pH profile are given in

Table 1. The stomach pH steadily increases to the maximum (5.5) within the
first 10 min, then remains constant until the end of the meal time (30 min)
followed by an exponential decrease to the initial state (1.5) by the end of the
SET.

the SET. The SET depends on food matrices and host characteristics.
Typically, the SET is 1-3 h for a human adult, with solid food taking a
longer time than liquids (Hellmig et al., 2006). SETs are slightly longer
for females compared to males and smokers have a significantly faster
SET than non-smokers (Vasavid et al., 2014). The SET is important for
the survival of pathogens in the stomach. Hellmig et al. found that the
mean half SET, SET1/2, was 143.6 min and 80.5 min for solid and liquid
foods, respectively (Hellmig et al., 2006). A similar study shows that the
SET1/2 and percent gastric retention at 2 h are 68.7 min and 16.3%,
respectively (Vasavid et al., 2014). Vasavid et al. show that the stomach
contents decay exponentially following a meal intake (Vasavid et al.,
2014). To estimate how much time bacteria spend in the stomach we
estimate the velocity function of bacteria using the SET. Given that the
curvature of the upper and lower boundaries of a typical human sto
mach are 30 cm and 10 cm long, respectively (Ferrua and Singh, 2010),
we assume that, on average, the bacteria will travel L=20 cm of sto
mach length. Using the mean SET of 80.5 min (Hellmig et al., 2006), we
estimate the speed of the bacteria in the stomach would be
v=0.25 ± 0.06 cm/min.

by a nonlinear least-square curve fitting method using MATLAB's
‘fmincon’ subroutine (Matlab, 2019). The unit of time t in the Eq. (3.2)
is in minutes. From this, we estimated δ1 and δ2 to be 1.17 and 11.77,
respectively (Davis et al., 1996) or 1.30 and 3.01, respectively (Koseki
et al., 2011). For more details concerning the data fitting technique, see
the Appendix. We call the estimates ‘high’, ‘low’, and ‘medium’ (mean
of high and low) estimates, respectively. The graphs of the survival
functions (3.2) are shown in Fig. 3, which demonstrates the per minute
survival probability of the bacteria. For example, if the probability at
pH 2.0 is 0.9 then 90% of the bacteria are expected to survive after one
minute. The simulator checks the pH level of the stomach continuously
during stomach emptying phase and kills the bacteria (agents) ac
cording to the survival probability (Eq. (3.2)). The dynamics of the
survival probability relative to gastric time and pH are shown in Fig. 4.
4. Gastric survival of L. monocytogenes

This section highlights the results of numerical experiments and
some applications of the ABS with regard to parameter ranges (see
Tables 1 and 2) associated to L. monocytogenes. We ran the simulator to
simulate how bacteria travel through the stomach with food, tracking
their potential survival. Simulations of the movement components for
the bacteria density in the gastro-intestinal tract without any killing
mechanism are shown in Fig. 5. For the following experiments, we
assumed that a meal is divided into 20 portions. We also assumed that
only the first 5 food portions were contaminated and each of these
portions contained 400 bacteria. (Note that this is an illustrative ex
ample and is not meant to capture all possible pathogen consumption

3.4. Survival probability of L. monocytogenes
The survival probability of L. monocytogenes in the stomach depends
on multiple factors such as the pH level, the SET, the food matrix (e.g.
fat content), and storage conditions of the food (storage duration,
temperature, pH) (Barmpalia-Davis et al., 2008, 2009). Strain specific
survivability is also observed. Barmpalia-Davis et al. conducted in vitro
experiments on the survival of L. monocytogenes in the gastric en
vironment (Barmpalia-Davis et al., 2008). The storage duration in their
samples varied from Day 1 to Day 82. Since the pH level of their study
continuously changed it is not possible to estimate the survival prob
ability of the bacteria at a particular pH level. Koseki et al. investigated
the survival probability of L. monocytogenes in a gastric fluid with dif
ferent pH levels ranging from 1.2 to 2.0 (Koseki et al., 2011). They
demonstrated that the survival probability increased exponentially with
pH values. In their experiment, an initial bacterial population of 106 cfu
hardly survived for 10 min at pH level 1.2 but they survived more than
4 h at pH 2.0. This survival probability seems to be elevated compared

Fig. 3. Per minute survival probability (3.2) of L. monocytogenes at different pH

levels. The High and Low survival probability correspond to in vitro experi
ments (Koseki et al., 2011) and (Davis et al., 1996), respectively. The Medium
corresponds to the mean of High and Low estimates.

Fig. 4. Survival probability under pH changes. Gastric pH during meal and digestion (left) and the corresponding survival probability (right).

Table 2

Parameters associated with survival probability and bacterial speed in the
stomach.
Parameter

Description

sp

Per-minute survival
probability
Bacterial velocity in the
stomach

v

Baseline value

Range

References

e-7.39e-1.23pH

[0,1]

Section 3.4

0.25 cm/min

[0.11, 4.0]

Section 3.3

scenarios during a meal. This type of scenario analysis is relegated to a
future project. Please refer to the Discussion section for further details.)
As the contaminated food portions reached the stomach they released
the bacteria due to the stomach motility described in Section 2. The
number of bacteria increased in the stomach until all the contaminated
food portions (5 in this example) were consumed.

4.1. Effects of variability in the SET
Due to the fact that the mean SET may vary according to meal
specifics (e.g. liquid vs solid) as well as host characteristics such as
gender, smoker vs non-smoker, phase of menstrual cycle, post-meal

activity, etc., it is important to quantify the sensitivity of pathogen
survival relative to changes in this parameter (see (Vasavid et al., 2014)
and references therein). Furthermore, diseases such as Gastroparesis
and Parkinson's disease can alter SET (see (Bornhorst, 2017) and re
ferences therein). Given the potential for such variability, we illustrated
how modification of the SET affects pathogen survival by computing
the variation in the percent survival relative to ingesting pathogens
contained in an example meal. In particular, we ran the simulator 50
times by randomly selecting the mean SET from a normal distribution
specified by the mean and standard deviation (80.5 ± 22 min)
(Hellmig et al., 2006), with an initial pathogen dose of 5000 cells. Fig. 6
illustrates the result, showing that survival varies by about 17% due to
the randomness of the SET.

4.2. Effects of variability in the pH induced survival probability of L.
monocytogenes

Connected to the SET, the survival of L. monocytogenes in the sto
mach critically depends on the pH level as described in Section 3.4. A
number of factors including ingested food type, use of H-2 blockers,
pathogen strain history, etc. play a role in affecting the bactericidal
efficacy of a given pH level in the stomach (Martinsen et al., 2005).

Fig. 5. Simulating only the pathogen movement through the GI-tract. The initial state of the gastrointestinal tract (left) (Biga et al., 2018). Bacterial density during

the digestion phase without any killing mechanism (right). Initially, no bacteria were present in the stomach. All the bacteria are released in the stomach within a few
minutes of food consumption. As the bacteria move, the number in the stomach decrease, transferring into the small intestine until the end of SET.

Fig. 6. Sensitivity of stomach survival with an initial dose of 5000 bacteria. The

variation of survival is due to randomness of SET, sampled 50 times from the
normal distribution determined by 80.5 ± 22 min (Hellmig et al., 2006). The
horizontal axis represents gastric time. Most of the bacteria reaches the small
intestine within 2 h of ingestion and very few bacteria can survive in the sto
mach after 2 h due to acidity. The simulation shows that the stomach survival
can vary about 17%. Notice that the medium survival probability due to acid
exposure (coming from Fig. 3) is used in these simulations.

While quantifying the variation in survival probabilities connected to
such factors is not possible using in-vivo human data we utilized the
results of several in-vitro studies to estimate the survival probability of
L. monocytogenes subject to various pH levels as described in Section
3.4. To illustrate the effect of variation in the survival probability, we
ran two numerical experiments, inputting 2000 and 5000 bacteria as
inoculation doses. The results showed that 4.5 ± 0.05%,
10.0 ± 0.09%, and 29.0 ± 0.13% of the ingested bacteria (associated
with low, medium and, high survival probability, respectively) can
survive the stomach and reach the small intestine. Note that the per
centage of survival does not vary with respect to the initial values of
bacteria.
5. Discussion

As a foodborne pathogen, L. monocytogenes continues to impose a
substantial burden on public health. Understanding the pathogen's in
fection processes, which underly the dose-response relationship, is re
levant to reduce this burden. While data gaps with regard to infection
risk will likely persist due to ethical concerns and other limitations, “the
best strategy for refining the dose-response assessment for foodborne
pathogens is to advance the understanding of the underlying biology,
and by doing so, refine the assumptions that underlie predictive
models” (Buchanan et al., 2009). In line with this reasoning and in
harmony with recent approaches for characterizing foodborne pa
thogen risk (for instance, the key events framework (Buchanan et al.,
2009)) Rahman et al. developed mechanistic ordinary differential
equation (ODE) models informed first by guinea pig data and more
recently informed via outbreak data in the human context (Rahman
et al., 2016; Rahman et al., 2018). The highlight of these models is the
derivation of dose-response relationships in terms of parameters re
lating to key biological factors determined by pathogen-host interac
tions. In particular, the dose-response function is generated considering
the variation of model parameters associated with the population's
immune status and physiology and the ingested pathogen strain(s)
themselves (Rahman et al., 2018). This perspective is in marked con
trast with that of the classic exponential model, for instance, where
each pathogen has an independent and equal probability to survive and
cause infection, essentially removing variability among respective hosts
and strains (Haas et al., 1999). While this assumption has a relatively
minor effect in the comparative predictions of the exponential model
and the model in Rahman et al. at high doses, the models' predictions
significantly differ at low doses (Rahman et al., 2018).

The challenge of predicting dose-response relationships for patho
gens at low exposure doses has been well-documented (e.g. (Brouwer
et al., 2017; Buchanan et al., 2017) and references therein) and is aptly
illustrated in a study by Holcomb et al. (1999). Comparing six do
se-response models, they found significant differences (in order of
magnitude) when extrapolating to low doses. Note that while the me
chanistic model developed by Rahman et al. incorporates key aspects of
the biology involved with the ingestion of pathogens, the model is of
ODE type, implicitly assuming that a sufficiently large bacterial popu
lation can give rise to accurate predictions by only describing “aver
aged” pathogen-host interactions (Rahman et al., 2018). In particular,
the model dynamic governing the L. monocytogenes population in the
stomach was built from two main aspects: (i) the kill rate of the bacteria
due to high acidity, δ cfu (h-1) and (ii) the dispersal rate σ cfu (h-1) of
the bacteria from the stomach to the small intestine (Rahman et al.,
2018). The underlying assumption in the model form is that both these
rates are exponentially distributed and only the mean value of these
distributions are utilized explicitly in the model equations.
While these assumptions may be suitable for relatively large bac
teria populations, in contrast with the above modeling approach, the
ABS developed in this paper explicitly incorporates distributions for the
killing rate of L. monocytogenes due to acidity as well as the SET.
Including this variability with respect to both these processes is an
important feature of the simulator and may result in more realistic
predictions for low ingested doses than using an averaged modeling
approach.
Because the ABS integrates key aspects of gastric physiology and the
digestive process, it can be utilized as an important tool for scenario
analysis. Specifically, we designed the ABS to consider two major fac
tors for the gastric survival of pathogens in the stomach: (1) the SET;
and (2) the survival probability of pathogens at different pH levels. In
terms of (1), the SET may vary significantly among population sub
groups classified by host characteristics such as age, gender, smoker vs
non-smoker, post-meal activity, health status, etc. as well as according
to meal type, specified by particular food matrices (liquid vs solid)
(Vasavid et al., 2014). Utilizing distributions for the SET relative to any
of these factors as inputs, the ABS can be used to determine compara
tive risk. For example, Vasavid et al. found that the SET1/2 for solid food
in young adults is only 68.7 min which is 15% lower than that of the
elderly (Vasavid et al., 2014). This indicates that compared with older
individuals, more bacteria are expected to survive the gastric phase of
digestion in younger adults. However, due to stronger immune systems,
young adults may be able to handle higher pathogen loads without
developing infections. In this regard, the output of the ABS could be
coupled to comparative immune response estimates with respect to age,
providing insight into the risk of bacterial infection across such sub
groups.
With regards to (2), the effect of pH on pathogen survivability may
depend on the food matrix (pathogen delivery vehicle) as well as the
pathogen strain. For example, during a simulated digestion study of
inoculated beef frankfurters, Barmpalia-Davis et al. observed that fat
content promoted L. monocytogenes survival in acidic conditions
(Barmpalia-Davis et al., 2008). In addition to differing food types,
variation among pathogen strains as well as strain history can impact
the killing effect due to low pH (Barmpalia-Davis et al., 2008; Pettersen
et al., 2019; Ramalheira et al., 2009).
To account for the potential variation in the survival probability
(due to pH levels) of L. monocytogenes during digestion, the probability
function (Eq. (3.2)) used in the simulator depends on parameters which
were estimated from two in vitro studies (see Fig. 3 corresponding to
low, medium and high survivability). Using these, the simulator pre
dicts that 5% to 29% of the ingested bacteria can survive the stomach
and reach the small intestine. This large number of stomach survival is
due to higher stomach pH values maintained during the food intake. A
significant number of ingested bacteria escape the stomach acidity
before the pH values drops to a lethal level. Some in-vitro (lab

simulation) studies support this result (Barmpalia-Davis et al., 2008).
However, an in-vivo study involving mice speculates up to 99% of in
oculated bacterial death in the stomach (Brandl et al., 2007). With the
evidence of small fractions of ingested bacteria found in the small in
testine (for instance, in guinea pig models) (MacDonald and Carter,
1980; Melton-Witt et al., 2012), it is suggested that the majority of the
inoculum are killed in the stomach due to the bactericidal effect.
However, it is unclear whether the bacteria in those studies were killed
in the stomach or in the small intestine. We suspect that a significant
portion of the inoculum could have also been killed in the small in
testine prior to sampling and counting occurred in those studies
(MacDonald and Carter, 1980; Melton-Witt et al., 2012).
In line with these ideas, it is important to mention that the ABS does
not distinguish between viable and injured L. monocytogenes cells. Many
researchers have demonstrated that exposure of L. monocytogenes to
potentially lethal pH environments typically involves a two-step pro
cess where cells are initially physiologically “injured” and subsequently
succumb to those injuries. Until injured cells have fully recovered, they
are typically more susceptible to other stress and generally have de
creased virulence (Formato et al., 2007; Koutsoumanis and Sofos, 2004;
Merrell and Camilli, 2002; Wesche et al., 2009). In terms of accurately
describing the dose-response function, not considering injured cells
would likely lead to an overestimate of the infection risk. In future
work, we plan to augment the ABS to include viable as well as injured
subpopulations.
Finally, we envision that the ABS is a key tool that can be used in

concert with human gastric simulators (HGS) (see (Kong and Singh,
2010) and references therein), enabling efficient scenario analysis with
regards to time and money. For instance, a HGS can be used to specify
parameter distributions connected to the pH induced kill rate relative to
a particular food matrix and bacterial strain. This parameter informa
tion can then be utilized in the ABS to examine how multiple factors
such as repeated doses, the distribution of pathogens in food consumed,
and a variety of host characteristics contribute to the survivability of L.
monocytogenes during the gastric phase. Moreover, given such dis
tributions of the parameters, the ABS can be run stochastically to ac
count for individual and population level variability. As food digestion
is a complex process, quantifying this variability would be an important
step towards a better understanding of pathogen survival and sub
sequent infection within a host. Combined with stochastic simulations,
this information may provide more realistic outcomes to inform do
se-response models.
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Appendix A

A.1. Data fitting and estimation of survival probability

We estimated the parameters δ1 and δ2 of the survival probability function

from two published data sources (Davis et al., 1996; Koseki et al., 2011). To estimate the parameters we used the nonlinear least-square curve fitting
method and Matlab's ‘fmincon’ subroutine (Matlab, 2019). More precisely, we minimize the error function

where M(pH, T) = x0sp(pH, T),forpH = 1.2,1.4,..,3;T=0,5,25,50,100,150,200; x0 = 106 is the initial bacteria and M (pH, T) is the corresponding
data. Here the ‘norm’ is an l2 matrix norm.
The bounds of δ1 and δ2 were given as [0,15] and [1,15], respectively.

Fig. 7. Simulation of pathogen dynamics in the sto

mach (1-37 min). Bacteria (green) traveled through
the mouth with food items (brown) into the stomach.
(1) stomach bacteria after 1 min of food intake; (2)
after 3 min the number of bacteria increased as new
bacteria arrive in the stomach; (3) after 5 min, bac
teria started escaping the stomach; (4) after 37 min
some bacteria escaped to the small intestine. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

Fig. 8. Simulation of pathogen dynamics in the stomach (37-165 min). (Left) 37 min after bacteria entered the stomach; (Right) 165 min after food intake. Only a

few bacteria are left in the stomach, but many of them escaped to the small intestine and followed the digestive path.

A.2. Simulation process
Figs. 7 and 8 depict sequential snapshots of the simulation process with the pH killing mechanism engaged. Fig. 7 shows the first 37 min of the
digestion process followed by Fig. 8 which shows the latter phase (37-165 min) of digestion in the stomach. In these simulations the magnified view
of bacteria are shown in green color. Also, note that in these figures the stomach changes from clear to a yellowish color as the pH increases due to
food intake and after sufficient time returns to clear. As the simulation shows (e.g. Fig. 7), the bacteria move along the stomach with food particles
towards the small intestine. The killing mechanism in the simulator is performed by removing the bacterial pathogens from the stomach phase at a
probability described in Section 3.4. At the end of the stomach emptying phase the bacteria are either killed or move into the small intestine.
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